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Edited by Stuart FergusonAbstract The structures of a lipoprotein carrier, LolA, and a
lipoprotein receptor, LolB, are similar except for an extra C-ter-
minal loop containing a 310 helix and b-strand 12 in LolA. Lipo-
protein release was signiﬁcantly reduced when b-12 was deleted.
Deletion of the 310 helix also inhibited the lipoprotein release.
Furthermore, lipoproteins were non-speciﬁcally localized to
membranes when LolA lacked the 310 helix. Thus, the membrane
localization of lipoproteins with the LolA derivative lacking the
310 helix was independent of LolB whereas LolB was essential
for the outer membrane localization of lipoproteins with the
wild-type LolA.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Lipoproteins are synthesized as precursors in the cytoplasm
and then translocated across the inner membrane, followed by
sequential processing to the mature forms on the periplasmic
leaﬂet of the inner membrane [1]. Mature lipoproteins are an-
chored to either the inner or outer membrane through acyl
chains attached to the N-terminal Cys [2]. Sorting of lipopro-
teins to the outer membrane is then catalyzed by the Lol sys-
tem depending on the lipoprotein sorting signals located at
position 2 [3].
Five Lol proteins (A–E) constitute the Lol system [3,4] and
are essential for the growth of Escherichia coli. The LolCDE
complex, an ATP-binding cassette transporter, releases outer
membrane-speciﬁc lipoproteins from the inner membrane in
an ATP-dependent manner [5], leading to the formation of a
water-soluble complex comprising one molecule each of a lipo-
protein and LolA in the periplasm [6]. LolA then transfers the
associated lipoprotein to outer membrane receptor LolB [7].
LolB is itself an outer membrane lipoprotein and catalyzes
the membrane anchoring of lipoproteins. Thus, the Lol systemAbbreviations: IPTG, isopropyl-b-D-thiogalactopyranoside; His-tag,
hexahistidine-tag; DDM, n-dodecyl-b-D-maltopyranoside
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doi:10.1016/j.febslet.2008.05.022mediates eﬃcient and one-way transport of lipoproteins from
the inner to the outer membrane.
Although the amino acid sequences of LolA and LolB are
dissimilar, their structures are strikingly similar except for an
extra C-terminal loop in LolA [8]. This loop contains a short
310 helix and b strand 12. We report here that the 310 helix is
important for prevention of the non-speciﬁc membrane locali-
zation of lipoproteins.2. Materials and methods
2.1. Bacterial strains and growth
E. coli K-12 strains, DLP79-36 [9], JE5505 [10], SM704 [11], and
TT016 [12] were used. TT016 carries the chromosomal lolA gene under
the control of the lactose promoter-operator. Expression of this gene
was induced with 0.1 mM isopropyl-b-D-thiogalactopyranoside
(IPTG). Cells were grown on LB broth or LB agar plates (Difco).
When required, chloramphenicol was added at 25 lg/ml.
2.2. Construction of LolA mutants
C-terminal deletion mutants of LolA were constructed by means of
PCR using a QuickChange site-directed mutagenesis kit (Stratagene)
with pAM201 carrying lolA-His under the control of PBAD [12] as a
template and a pair of oligonucleotides (Supplementary Table 1) as
primers. Mutations were conﬁrmed by sequencing.2.3. Puriﬁcation of LolA derivatives
TT016 cells harboring pAM201 or a derivative of it were grown on
LB broth supplemented with 0.1 mM IPTG at 37 C. At the mid-expo-
nential phase of growth, cells were induced with 0.2% arabinose for
2 h, and then converted into spheroplasts as reported [13]. A periplas-
mic fraction was obtained as a spheroplast supernatant, and then dia-
lyzed against 20 mM Tris–HCl (pH 7.5) containing 300 mM NaCl and
10 mM MgCl2 overnight at 4 C. Hexahistidine-tagged (His-tag) LolA
or a derivative was adsorbed to TALON resin (Clontech), and then
eluted with 20 mM Tris–HCl (pH 7.5) containing 300 mM NaCl and
250 mM imidazole. The puriﬁed LolA proteins were kept at 80 C
in 20 mM Tris–HCl (pH 7.5) containing 10% glycerol after dialysis.2.4. Release of L10P from spheroplasts
The release of L10P from spheroplasts was performed as described
[14]. Brieﬂy, E. coli DLP79-36 cells harboring pJYL10P (PBAD-L10P)
[9] were grown on M63 (0.5% NaCl), 0.2% maltose minimal medium
at 37 C. At A660 = 0.8, the cells were induced with 0.2% arabinose
for 5 min and then converted into spheroplasts. The spheroplast sus-
pension (300 ll) was kept on ice for 2 min in the presence and absence
of LolA or one of its derivatives. Labeling was started at 30 C by the
addition of M63 (0.5% NaCl), 0.2% maltose minimal medium (750 ll)
supplemented with 250 mM sucrose and 10 lCi of Tran35S-label
(a mixture of 70% [35S]Met and 20% [35S]Cys; 1000 Ci/mmol, MP
Biochemicals). After 2 min, the labeling was chased for 2 min by the
addition of 12 mM non-radioactive Met and Cys. The release reaction
was terminated by chilling the reaction mixture on ice, followed by
fractionation into spheroplasts and medium by centrifugation atblished by Elsevier B.V. All rights reserved.
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were subjected to trichloroacetic acid precipitation and immunoprecip-
itation with anti-Lpp antibodies as reported [6]. 35S-labeled L10P was
analyzed by SDS–PAGE and ﬂuorography as reported [6].
2.5. In vitro membrane incorporation of L10P
The incorporation of L10P into outer membranes was examined as
described previously [7]. Brieﬂy, 35S-labeled L10P was released from
spheroplasts as described above, and the spheroplast supernatant con-
taining [35S]L10P complexed with LolA or one of its derivatives was
incubated with outer membranes containing or not containing LolB.
The reaction mixture was chilled in ice water to terminate the reaction,
and then fractionated into a supernatant and pellet by centrifugation
at 100000 · g for 30 min. Each fraction was subjected to trichloroace-
tic acid precipitation and immunoprecipitation with anti-Lpp antibod-
ies, and then analyzed by SDS–PAGE and ﬂuorography as reported
[7].
2.6. Other methods
Outer membranes containing or not containing LolB were prepared
from E. coli JE5505 cells or SM704 cells as reported [7], respectively.
Immunoprecipitation was performed as described [15]. SDS–PAGE
was carried out according to Laemmli [16] or, in the case of L10P,
Hussain et al. [17]. Densitometric quantiﬁcation was performed with
an ATTO Densitograph.Fig. 2. Construction of C-terminal deletion mutants of LolA. (A) The
deleted regions are indicated in black. Growth of TT016 (lacPO-lolA)
cells expressing one of the indicated derivatives from pAM201 variants
was examined on agar plates or liquid medium supplemented with
arabinose alone. (B) Cells were grown on LB broth supplemented with
0.1 mM IPTG at 37 C. The indicated LolA derivatives were then
induced for 2 h with 0.2% arabinose. The induced cells (1 · 107 cells)
were analyzed by SDS–PAGE and immunoblotting with anti-LolA
antibodies. Chromosomally encoded LolA was hardly visible under
these conditions.3. Results
3.1. Construction of 12 C-terminal deletion mutants
The structures of LolA and LolB are very similar except for
the extra C-terminal loop in LolA (Fig. 1A). This loop con-
tains a less-conserved short 310 helix and well-conserved b
strand 12 among the indicated ﬁve c proteobacteria (Fig.
1B). To determine the role of the C-terminal loop in the outerFig. 1. Structures of LolA and LolB. (A) The structural information on Lol
protein data bank (http://pdb.protein.osaka-u.ac.jp/pdb/) and visualized wi
terminal loop only present in LolA is indicated in black. b Strand 12 and a 3
homologues were aligned using ClustalW (http://clustalw.genome.jp). Res
highlighted in black. Eco, E. coli; Sty, Salmonella typhimurium; Ype, Yersinmembrane sorting of lipoproteins, 12 mutants lacking various
portions of the C-terminal region were constructed (Fig. 2A).
TT016 (lacPO-lolA) cells require IPTG for growth, becauseA (1IWL, left) and LolB (1IWM, right) was obtained from the RCSB
th PyMOL ver.0.98 (http://pymol.sourceforge.net/index.php). The C-
10 helix in the C-terminal loop are marked. (B) The sequences of LolA
idues completely conserved among ﬁve gram-negative bacteria are
ia pestis; Hin, Haemophilus inﬂuenzae; Pmu, Pasteurella multocida.
Fig. 3. Lipoprotein-releasing activities of LolA derivatives C3 and
C11. (A) The release of [35S]L10P from spheroplasts was examined
with indicated amounts of wild-type (WT) LolA, C3 and C11, as
described under Section 2. The reaction mixtures were fractionated
into spheroplasts (p) and supernatants (s) by centrifugation. [35S]L10P
was immunoprecipitated with anti-Lpp antibodies, and then analyzed
by SDS–PAGE and ﬂuorography. (B) The amounts of [35S]L10P were
densitometrically determined and L10P released into the supernatants
was expressed as a percentage taking the total amount of L10P as 100.
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were transformed with pAM201 derivatives carrying the mu-
tant lolA genes under the control of PBAD, and then grown
on agar plates supplemented with or without IPTG and/or
arabinose. Derivatives C3 and C11 barely supported the
growth of cells on agar plates supplemented with arabinose
alone. On the other hand, the growth with these two deriva-
tives was signiﬁcantly defective on liquid medium supple-
mented with arabinose alone (Fig. 2A), i.e., growth with C3
occurred only after a long lag period and C11 did not support
growth at all. The results with other derivatives were essen-
tially the same irrespective of the growth medium. All deriva-
tives were expressed at similar levels (Fig. 2B). These results
suggest that both the 310 helix and b strand 12 lacking in
C11 and C3, respectively, are important for the LolA func-
tion.
3.2. Release and transfer of lipoproteins by C3 and C11
L10P is a derivative of the major outer membrane lipopro-
tein Lpp, and useful for examination of the LolA function be-
cause its release from spheroplasts absolutely depends on
LolA [11]. The release of 35S-labeled L10P from spheroplasts
was examined with various amounts of LolA, C3 or C11 (Fig.
3A). The amounts of L10P released into the spheroplast
supernatants were then determined (Fig. 3B). About 90% of
the 35S-labeled L10P molecules were released in 4 min when
5 lg LolA was added, whereas larger amounts of C3 and
C11 were needed to release more than 50% of L10P, indicat-ing that both the 310 helix and b strand 12 are important for
eﬃcient release.
LolA accepts lipoproteins and then transfers them to the
outer membrane via LolB [6,7]. We examined whether or not
the lack of the 310 helix or b strand 12 aﬀects the lipoprotein
transfer activity in addition to the lipoprotein release activity.
A spheroplast supernatant containing [35S]L10P complexed
with LolA or one of its derivatives was obtained after the re-
lease assay and then incubated with outer membranes, fol-
lowed by fractionation into membranes and a supernatant
(Fig. 4A). Irrespective of the species of LolA protein, L10P re-
mained in the supernatant in the absence of outer membranes
even on 30 min incubation (lane 2). Essentially all L10P mole-
cules were transferred from LolA to LolB-containing outer
membranes on 30 min incubation (upper panel, lane 13), while
no transfer occurred when the outer membranes did not con-
tain LolB (upper panel, lane 4). The L10P transfer from C3
to outer membranes was also dependent on LolB, albeit that
the rate was reduced (Fig. 4B). The L10P transfer from C11
to outer membranes also took place at a reduced rate. How-
ever, even L10P transfer from C11 to LolB-depleted mem-
branes occurred (Fig. 4A, lower panel, lane 3). Since LolB-
independent membrane localization of lipoproteins had not
been observed before, we examined the rate of localization
of L10P to LolB-depleted outer membranes (Fig. 4C). When
C11 was used, the amount of L10P recovered in LolB-depleted
membrane fractions linearly increased with the incubation
time (Fig. 4C and D). On the other hand, as observed previ-
ously, membrane localization of L10P absolutely depended
on LolB when LolA or C3 was used. It should be noted that
C11 was recovered in the supernatant fractions even when
most L10P molecules were found in the pellet fractions (Fig.
4C).
It seemed possible that the lack of the 310 helix decreases the
strength of the interaction with lipoproteins, thereby causing
dissociation of lipoproteins from C11 during incubation. The
dissociated lipoproteins might be precipitated when centri-
fuged with membranes. To examine this, the C11-L10P com-
plex was incubated with or without LolB-depleted outer
membranes at 30 C for 30 min (Fig. 4E). The reaction mixture
incubated in the absence of outer membranes was mixed with
outer membranes and immediately centrifuged (lanes 3 and 4).
All L10P molecules remained in the supernatant fraction. In
contrast, most L10P molecules were recovered in the pellet
fraction when the C11-L10P complex was incubated for
30 min with membranes (lanes 5 and 6). These results indicate
that incubation per se does not cause the dissociation of L10P
from C11. Instead, L10P was transferred from C11 to the
LolB-depleted outer membranes. Therefore, the results suggest
that the LolA derivative lacking the 310 helix directly localizes
lipoproteins to the membrane.
The strength of the hydrophobic interaction between LolA
and lipoproteins can be examined as the sensitivity to the
detergent n-dodecyl-b-D-maltopyranoside (DDM) [18]. The
spheroplast supernatant containing the LolA-, C3-, or C11-
lipoprotein complex was adsorbed to a metal aﬃnity resin
through a His-tagged LolA. The resin was then eluted with a
linear gradient of DDM. Lipoproteins complexed with C3 or
C11 were eluted with a slightly lower concentration of DDM
than those complexed with LolA (data not shown), indicating
that deletion of the 310 helix and b12 only slightly weakens the
interaction with lipoproteins.
Fig. 4. Membrane localization of lipoproteins by LolA derivatives. A spheroplast supernatant containing the wild-type (WT) LolA-L10P, C3-L10P
or the C11-L10P complex was prepared as described under Materials and Methods, and then incubated at 30 C with 0.2 mg/ml (A and B) or 0.5 mg/
ml (C, D and E) of the speciﬁed outer membranes (OM) for the indicated times, followed by fractionation into membranes (p) and supernatants (s).
[35S]L10P was analyzed by SDS–PAGE and ﬂuorography after immunoprecipitation as described in Fig. 3A. As a control, the spheroplast
supernatants were incubated in the absence of outer membranes. The time course of the lipoprotein transfer reaction was examined with LolB-
containing (A) or LolB-depleted (C) outer membranes. (B and D) The amounts of L10P in membrane fractions were determined from the results
shown in A and C, respectively, as described in Fig. 3B. (E) Lipoprotein transfer was examined with LolB-depleted outer membranes at 30 C for
30 min. Where indicated, outer membranes were not added (lanes 1 and 2), added immediately prior to fractionation (lanes 3 and 4), or added at 0
time (lanes 5 and 6).
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Although the structures of LolA and LolB are similar, the
two proteins have distinct functions. LolB localizes lipopro-
teins to membranes whereas LolA does not. Therefore, the
LolA-lipoprotein complex is accumulated in the periplasm
when the lipoprotein transfer from LolA to LolB is inhibited
[18]. A LolB derivative, which has no N-terminal lipid modiﬁ-
cation, is expressed in the periplasm like LolA but unable to
release lipoproteins from the inner membrane [7]. We specu-
lated that the extra C-terminal loop present in LolA contrib-
utes to the LolA-speciﬁc function. The deletion of well-
conserved b strand 12 decreased the ability of not only the re-
lease of lipoproteins but also their transfer. However, themembrane localization of lipoproteins with C3 remained com-
pletely LolB-dependent. In marked contrast, LolA derivative
C11 lacking the 310 helix directly localized lipoproteins to
membranes. It seems likely that lipoproteins released from
spheroplasts as complexes with C11 were transferred to the in-
ner membrane again, thereby causing defective lipoprotein
releasing activity.
The results shown here indicate that the short 310 helix is
important for prevention of abortive membrane localization
of lipoproteins. As shown in Fig. 1A, the 310 helix is located
outside the b barrel and interacts with b strand 3. We specu-
late that the 310 helix located on the outer surface of LolA
plays an important role in the speciﬁc localization of lipopro-
teins to outer membranes. However, to prove this, the crystal
S. Okuda et al. / FEBS Letters 582 (2008) 2247–2251 2251structures of C11 with and without lipoproteins should be
clariﬁed.
Three proteins were recently found to have very similar
structures to those of LolA and LolB, i.e., LppX (PDB ID;
2BYO), a lipoprotein of Mycobacterium tuberculosis, the N-
terminal domain of E. coli RseB (PDB ID; 2V42, 2V43,
2P4B), and VioE (PDB ID 3BMZ) of Chromobacterium viola-
ceum. LppX has been speculated to accommodate complex lip-
ids in its hydrophobic cavity for their transport to the outer
layers of the cell [19]. RseB constitutes a signal transduction
pathway leading to the induction of rE expression and is spec-
ulated to bind mislocalized lipoproteins to the hydrophobic
cavity [20]. VioE is speculated to play a key role in the biosyn-
thesis of violacein [21,22], a purple pigment with antibacterial
and cytotoxic properties. Non-speciﬁc membrane interaction
and discharge of cargos are unfavorable for the functions of
these proteins although their exact functions remain to be clar-
iﬁed.Acknowledgements: We wish to thank Rika Ishihara for the technical
support. This work was supported by grants to H.T. from the Ministry
of Education, Science, Sports and Culture of Japan.Supplementary material
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2008.05.
022.
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